Abstract: This paper presents an integrated simulation approach for studying the circular interpolation regime of CNC laser cutting machines. The circular interpolation algorithm is studied, taking into consideration the numerical character of the system. A simulation diagram, which is able to generate the kinematic inputs for the feed drives of the CNC laser cutting machine is also presented.
Introduction
Laser cutting of sheet metal parts is characterized by high processing speeds, reduced quantity of waste, high accuracies and quality of the processed parts [1, 2] . In comparison with oxy-gas and plasma jet cutting technologies, the laser cutting process leads to a narrower heat-affected zone and a smaller kerf width [3, 4] .
The motion control system of these machines is a typical 2-axis CNC system, with simultaneous coordinated movements in XY plane. The Z axis is also numerically controlled, but simultaneous movements on 3-axis are seldom programmed. The laser cutting machines motion control architecture is quite similar to the control structure of the CNC milling machines and lathes. Typical CNC motion control equipment is based upon rotational or linear servomotors, position and speed transducers and ball screw transmissions. However, there are some important particularities between CNC laser cutting machines and CNC milling machines or lathes. Technological forces (cutting forces and friction forces) are significantly smaller and the feeds are significantly higher within the process of laser cutting. The motion control system uses advanced servo-control algorithms and techniques (PID control, crosscoupling control, real-time error compensation) in order to minimize the tracking and contouring errors [5, 6, 7, 8] .
The motion control strategies are based on dividing the processing paths into linear segments and circular arc and applying accordingly linear and circular interpolation algorithms. Usually, most of the CNC controllers have a set of control parameters (axes parameters) which may be modified by the user. Of course, the modification of these parameters may significantly affect the machine-tool accuracy.
In order to improve the machine accuracy and its dynamical behavior, a simulation process in needed. An accurate simulation will need, at the input side of the simulation diagram the kinematic inputs generated by the interpolation algorithms. This work will present a method for calculating these kinematic inputs for the circular interpolation algorithms, taking into consideration the numerical character of the CNC controller. A simulation diagram, which is able to show the theoretical toolpath is also presented.
Circular interpolation
Reference word circular interpolation method involves the issue of reference position inputs on both axes as binary words, at time intervals equal with the CNC equipment sampling time. For generating a circular trajectory in XOY plane, by means of a circular interpolation algorithm, the main requirement is to held the velocity on the path, F, constant. Consequently, the velocities on OX and OY axes, F x respectively F y may be expressed as:
where:
The relationship between the angle θ(t), the path velocity, the angular speed and the circle radius may be expressed by the following equations:
and 
The circular trajectory is usually approximated by small linear segments. The number of these segments has to be optimized in such way that the deviation from the circular trajectory is smaller than BLU (the basic length unit of the CNC equipment), which is usually 1 µm. Figure 1 shows the relationship between two successive interpolated points for the reference word interpolator for a circular arc. Based on figure 1 , the following equations may be written: (5) where: (6) and α -angular displacement increment of the interpolation algorithm (angular step of the interpolation algorithm [degrees] .
The coordinates of the final point of the linear segment used for the approximation, x(i+1), y(i+1) may be expressed with the equation:
From (5) and (6), relationships which allow the calculation of the current point i+1, based upon the coordinates of the previous point i may be written:
The relationship between the linear displacement increments on each axis, ∆x(i), ∆y(i) and the coordinates of the points with the linear segment may be expressed as:
The velocities on each axis F x (i), F y (i), may be expressed as:
By combining (5) and (7), the following equation may be written:
Taking into consideration (2) and the numerical character of the interpolation algorithm, the following equation may be written for the time step T i :
The following equation may be also written: Consequently (12) may be rewritten as:
The total number of samples may be calculated by combining (3) and (15) as:
Consequently, (16) may be rewritten as:
The angular displacement increment θ incr may be calculated as:
and the linear displacement increment l incr as
Equation (20) shows the relationship between the linear displacement increment, velocity on the path and the sampling period.
The minimum angular displacement of the X and Y feed drives, β, may be calculated as:
where N imp -number of pulses emitted by the incremental encoder at a full rotation.
The minimum linear displacement of the X and Y feed drives, BLU, may be calculated as: Equation (24) shows the fact that the sampling period T s depends on the path velocity, F.
Simulation
In order to simulate the interpolation algorithm, a simulation diagram, under Matlab & Simulink was built (figure 2). The simulation diagram from figure 2 basically uses sample based sine wave blocks. The amplitude of the sine function was made equal to the circle radius, and the overall number of samples n, calculated according to (17) was rounded using Matlab "round" function. The phase shift between sine and cosine signal was introduced by using a certain number of offset samples, which number N offset , was calculated using the following relation: 
Conclusions
A diagram for simulating reference word circular interpolation algorithm was presented. The interpolation process is used for generating kinematic inputs for simultaneous movements on two axes. The algorithm and consequently the simulation diagram were developed in order to generate the input parameters for a more complex simulation process for simulating the behavior of an XY motion control system within a CNC laser cutting machine-tool. Further researches will be oriented to develop a model of a feed drive using a dc servomotor as actuation device, in order to simulate the behavior of an actual CNC laser cutting machine.
